Cotton offers next-to-skin comfort and hence is a preferred fiber for undergarments. There have been a number of studies on the effect of different fiber types, fabric structure, fabric finishes, etc. on the moisture vapor transport properties. However, there has been no report in the public domain on the relationship between cotton varieties on the moisture vapor transport characteristics of fabrics produced from them. The study reported in this paper focuses on the moisture vapor transport properties (MVTR) of cotton fabrics knitted from 31 different cotton fibers with different pedigrees grown over a threeyear period in three major cotton growing regions of US, Southwest (Texas), Mid-South (Mississippi) and Southeast (Georgia). Results indicate that cotton varieties influence the MVTR of knitted fabrics produced from them. This study, for the first time has attempted to link varietal effects on the most important property of cotton-breathability quantified using MVTR. Preliminary analysis indicates a relationship between the basic sugar content such as verbascose of cotton and its moisture vapor transport. However this result has to be followed up with a thorough study.
INTRODUCTION
One of the inherent characteristics that makes cotton "king" among fibers and enhances consumers' appeal is its comfort characteristics. Comfort here does not refer to the psychological comfort but to the physiological comfort such as the moisture vapor transport rate (MVTR). The rate at which water vapor moves through a fabric plays an important role in determining the comfort as it influences the human perception and the cool/warmth feeling. Human body produces moisture in the form of perspiration, which should leave the microclimate between the skin and fabric before condensation to avoid clinging of fabric on to the skin, keeping the fabric and skin surface dry 1, 2 . When a fabric allows the transport of water vapor at a faster rate, it is said to be a breathable fabric. In other words, the faster a fabric breaths, the better is its comfort. This property has direct implications on the end-use applications, consumer appeal and sales value of the fabric. More importantly, in the case of cotton, its inherent characteristic is its comfort on which it is pre-sold to customers 3 . By controlling the moisture vapor transport properties of 100% cotton, it was possible to develop a wide range of performance apparel fabrics for athletic activities. 4 There have been a number of reports on the moisture vapor transport characteristics of fabrics. Guo's work concluded that the amount of softener used, the different varieties of fabrics and their interactions influence the water vapor transport. 2 Guo's research focused on both 100% cotton and 100% polyester light weight plain woven fabrics, treated with and without laundry softener during both rinsing and drying cycles. It is obvious from this study that the main focus was to understand the effect of fabric softener on fabric properties such as MVTR. Gretton, et al., investigated the moisture vapor transport through multilayered fabrics which simulates the actual clothing system using the evaporative dish method, British Standard (BS): 7209, and reported that the moisture transmission property of the clothing system lowers with the addition of layers of fabrics such as 1x1 rib knitted cotton T-shirt fabric, double sided weft insert polyester fleece fabric and 2/1 twill polyester lining fabric underneath the outer breathable fabric. They also found that it is possible to predict the MVTR of multilayered fabric based on the MVTR values of single layer using the empirical relationship as given in Equation 
A few studies have discussed the influence of air spaces in textile structures on their moisture vapor transport and have proposed an alternative hypothesis on the influence of voids on the transport properties in fabrics. Water vapor permeability is largely affected by the air spaces surrounding the fibers in both yarns and fabrics 6 . These air spaces offer resistance to the flow of moisture through the textile structures. Goodings, et al., found that in the case of textile materials, which are a conglomeration of fibers and air, the resistance offered by air pockets for moisture diffusion is greater than the resistance offered by the testing materials itself and so any method devised to quantitatively measure the MVTR of textile materials needs both precise and efficient ways to remove the air spaces. This result is controversial and has not been verified by other researchers. For this work they used low-resistance laminae made of perforated metal plates and 57 different woven fabrics and felts made from fibers like cotton, wool, silk, acetate, viscose, nylon, glass, orlon, saran and polyethylene. Their work concluded that the relationship between the diffusion resistance and thickness of the fabric is linear but not proportional.
Fourt and Harris
7 used polyacrylic resins for embedding fibers like cotton in the form of sliver, rayon, wool, nylon and polyester in the form of tops, to eliminate the air spaces problem. They measured the MVTR as a diffusion constant for the above mentioned fibers and found cotton to be the best with highest diffusion constant (134 x 10 -4 cm 2 /sec). Presence of central lumen in cotton fibers is believed to influence the moisture vapor transmission, but this was not completely evaluated and proved. In their other work 8 , they used woven fabrics made from fibers like glass, vinyon, cotton, viscose, rayon, wool, nylon and cellulose acetate and found that the resistance of fabrics to the passage of water vapor depends on factors like, fiber type, fabric thickness and its tightness.
Most recently, there has been renewed interest in understanding the moisture properties of cotton and its relationship with fiber properties. This has been primarily due to the need to develop new cotton varieties that have unique properties related to comfort and end-use applications such as outdoor performance clothing. To have excellent comfort, it is not how much water that is absorbed by cotton, rather how much moisture vapor the fiber is able to transport that is most important.
Recent studies [14] [15] [16] on the effect of varieties and area of growth on moisture absorption property of cotton fiber which is different from the transport of vapor indicates that cotton grown in Texas was least mature and thus had the highest water of imbibition (WOI) values. As is reflected in the way that WOI is measured; it does not reflect the transportation of vapor through fibers. WOI measures water that is within cell walls, in inter-fiber spaces and in pores. Cotton from Mississippi had the lowest WOI value and cotton from Georgia fell in between those of Texas and Mississippi. High WOI was related to the loose and more open arrangement of microfibrils in the primary wall compared to secondary wall, which enables immature cotton to imbibe more water. Rousselle 14, 15 . However, to the authors' best knowledge, the relationship between different cotton varieties and their moisture vapor transport characteristics, which is a measure of comfort, has hitherto not been reported.
A number of test methods are available to quantify the moisture vapor transport through fabrics. The work reported in this paper uses the British Standard evaporative dish method BS: 7209:1990 9 and has been found to be logical due to the following reasons: a) Gretton, et al., reported that different methods available are not comparable as differences exist in the vapor pressure gradients in each method and so they concluded that evaporative dish method is simple and easy to rank and compare fabrics 10 ; b) Hu, et al., found that water vapor permeability results based on wet cup method described by the ASTM E 96-95 standard did not give accurate and reliable results and so a modified method was used to determine the water vapor transport properties, which is very similar to evaporative dish method 11 and c) Gibson's study on various techniques available for measuring MVTR properties of fabrics suggest that the intrinsic property of material under test is altered by many methods and so their results do not agree with each other. 12 From the studies reported above, evaporative dish method is a reliable method to quantify MVTR of fabrics.
Based on the aforementioned brief discussion, earlier studies have focused predominantly on understanding the effects of fiber types, fabric structure and different testing conditions and methods to quantify MVTR of textile materials 13 . However, there is no report on the relationship between different cotton varieties and the moisture vapor transport through knitted fabrics made from them. This paper has attempted to investigate the effect of fiber pedigree/cotton varieties on the breathability of knits made from them. More importantly, an attempt has been made to understand the effect of the basic sugar molecules in cotton fiber on the breathability values, which is a new direction of research hitherto not undertaken. This study will help with the breeding of cotton for superior characteristics for targeted enduse applications. Having a better understanding on the relationship between the fundamental build up of cotton and MVTR of fabrics made from them is of extreme value to the entire segment of fiber-fabric industry as cotton is pre-sold to consumers based on its comfort value. However, a robust and thorough study on this subject is needed, which will be the subject matter of forthcoming studies.
EXPERIMENTAL Materials
As the main objective of this study was to understand the influence of cotton varieties on the moisture vapor transport rate of knitted fabrics made from them, it was thought logical to evaluate the MVTR in griege fabric form without any further treatments. Any further treatment to the knitted fabrics was thought to interfere with the study on the understanding of varietal influence on MVTR values. The effect of finishes and further treatments on greige fabrics on their MVTR is a separate study in itself and is outside the purview of this paper. This paper in no way denies the influence of fiber type, yarn, fabric structure, construction and finishes on the MVTR. These factors have been well researched and documented 2, 5 . This paper is built on the hypothesis that beyond these aforementioned variables, cotton fiber chemistry and varietal differences do influence the MVTR of fabrics. Thirty one single jersey fabrics were knitted from yarns from different cottons which include the most popular US cotton varieties grown in Mississippi, Georgia and Texas during the crop years 2001, 2002 and 2003. The selection of varieties over the three year period was thought to be a good representation to understand the relationship between varietal differences and their influence on the moisture vapor transport of fabrics made from them. The average loop length of the fabrics was 0.36 cm and the average tightness factor was 15.09. Table I gives the properties of different cotton varieties and their breeding origins. Varieties derive from six different breeding programs and a range of breeding methods including: forward crossing where conventional or transgenic varieties are selected from a cross of diverse parents, transgenic backcrossing where transgenes are transferred to elite varieties using recurrent backcrossing and selection of novel varieties out of existing varieties. Figure 1 shows the processing stages in converting cotton to knitted fabrics. The processing of cotton to knitted fabrics was carried out in the Cotton Quality Research Unit, ARS Laboratory, USDA, Clemson, SC, USA. 
Moisture Vapor Transport Evaluation
Evaporative dish method based on the British Standard, BS 7209 was used to determine the moisture water vapor permeability (MVTR) of fabrics. As per the British standard 9 the test specimen is sealed over the open mouth of a test dish which contains water and the assembly is placed in a controlled atmosphere of 20°C and 65% relative humidity. Following a period of one hour to establish equilibrium of water vapor pressure gradient across the sample, successive weighing of the assembled dish were made and the rate of water vapor permeation through the specimen is determined.
Prior to testing, the samples were conditioned for 24 hour at standard atmospheric conditions (20±2°C and 65±5% RH). For each fabric, five test specimens were cut having diameter slightly more than the dish rings. The inner diameter of the ring was 8.2 cms. By means of a burette, 46 ml of distilled water was transferred to the open dish. A triangular support placed on the open dish was used to maintain 10±1 mm deep layer of air between the surface of the water and the underside of the specimen. Then the specimen was placed above the rim of the dish with a quick drying, thin and continuous layer of adhesive. The test fabric was placed in such a way that the surface which was intended to be on the outside of the clothing assembly faced upwards or on the top. Finally, the cover ring is positioned above the rim and pressed down firmly with a strip of adhesive tape around the full circumference, sealing the joint between the cover ring and the dish.
The fabric on the evaporative dish and the MVTR turntable equipment are shown in Figures 2 and 3 . Evaporative dishes with fabrics were mounted on the turntable and were allowed to rotate for one hour to establish equilibrium. At the end of the equilibration period, each assembly was weighed to the nearest 0.001grams. Then the turntable was allowed to rotate for five more hours in the controlled atmosphere and the assemblies were reweighed at the end. The MVTR in g/m 2 /day is calculated as given in Equation 2:
where, M is the loss in mass of the assembly over the time period t in grams; t is the time between successive weighing of the assembly in hours and A is the area of the exposed test fabric (0.005413 m 2 ). 
RESULTS AND DISCUSSIONS
The MVTR values for 31 samples were calculated using the formula given in Equation 2 and are given in Table II Length, short fiber content and maturity ratio are positively correlated as shown in Table VIII . The results from the relationship between MVTR and basic fiber characteristics indicate that fiber properties may not have significant influence. It seems that vapor transmission through the cell is influenced at the molecular level during fiber development. To have a better understanding, there needs to be further studies done on fiber development and comfort related characteristics such as MVTR.
RELATIONSHIP BETWEEN FIBER CHEMISTRY AND MVTR
As is evident from the results, there seems to be an effect of fiber varieties on MVTR with Variety A giving the best MVTR values. Based on this finding, a newline of preliminary investigation hitherto not undertaken was carried out to understand the influence of basic sugars in cotton on MVTR. Five replications each of nine fabrics that were developed from the two varieties with the highest and lowest average MVTR (Variety A and J) cultivated in three years (2001, 2002 and 2003) in three different states (Georgia, Texas and Mississippi) were selected. These fabrics were used for the biochemical characterization of carbohydrate oligomers using sequential acid hydrolysis and analysis of the extracts by high pH anion exchange chromatography with pulsed amperometric (HPAEC-PAD) detection of carbohydrates (Dionix Bio LC system with a CarboPac PA-1 column) 17 . This analytical study was carried out by Allen Murray of Glycozyme, Inc., Irvine, CA, USA. The eluent was 150 mM sodium hydroxide, isocratic from 0 to 5 min, then a linear gradient from 0 to 55 mM sodium acetate in 150 mM NaOH with detection using waveform for carbohydrates. Fibers were first extracted with cold water to remove mono and oligosaccharides.
Following removal of the cold water extract, the supernatant was extracted with 0.1 N HCl in a boiling water bath then with an aqueous solution of 14.2 N acetic acid and 1.8 N nitric acid (acetic/nitric reagent) 18 . The acetic/nitric insoluble fraction was hydrolyzed further with 2 N trifluoroacetic acid at 100ºC for 2 to 4 hours.
Regression analysis of the fabric MVTR and 46 detected oligomeric and monosaccharide peaks like ribose, iditol, sorbitol, sucrose, verbascose etc., from the four extracts acetic/nitric, TFA hydrolysate, HCL and cold water were conducted using JMP version 5 (SAS). Due to the potential for false positives at the 5% level, only correlations significant at the 1% level were considered. Among all the extracted sugars the water soluble pentasaccharide verbascose was related to MVTR with the following relationship (MVTR = 1425 -52,950 Verbascose µg/g of fiber; R 2 =0.749). This shows lower verbascose is generally preferred to have a higher breathable cotton variety which hitherto has not been reported at all. As is evident from Figure 4 , scatter in the verbascose is more pronounced in Variety J compared to Variety A. Preliminary investigations from this study indicate that verbascose might have an influence on, or be a marker for, the moisture vapor transport of cotton fibers. This has to be explored further to have conclusive results on the effect of basic cotton chemistry on the MVTR of cotton fiber.
Although the sample size limits the strength of this study's conclusion with regards to a relationship between Verbascose and MVTR, it does provide additional support for the statement that varietal difference in MVTR may also be due to inherent chemical differences in the fiber and not just the physical attributes of the fiber or its resulting fabric. Oligosaccharides in cotton play an important role in the development and arrangement of cotton cell wall and hence influence the transport of vapor through them. Murray et al. 19, 20 have shown that sucrosyl oligosaccharides serve as precursor to the cell wall polysaccharides and influence the relative distribution of the cell wall polymers. This clearly shows that the concentration and the distribution of sucrosyl oligosaccharides such as verbascose, may have a role in the development of the cell wall and the cotton fiber development which will influence the transport of vapor across them. The earlier results by Murray et.al. 19, 20 corroborate with the results obtained in this study.
More importantly, Murray et.al. 19, 20 have shown an increase in the concentration of verbascose in cell walls during secondary cell wall biosynthesis. As the thickness of the secondary cell wall increases, resistance to diffusion out of the cell wall of large oligosaccharides, such as the pentasaccharide verbascose, would be expected to increase. Verbascose in cell walls may be a useful marker for breeding cotton varieties with either high or low MVTR. High verbascose concentration in raw fiber or griege fabric could be an indicator of restricted flow during both secondary cell wall biosynthesis and next-to-skin cotton comfort as measured by MVTR. This is clearly evident from the negative correlation between the concentration of verbascose and MVTR as shown in Figure 4 .
CONCLUSIONS
With the increase in competition from synthetic fibers, the cotton fiber industry has to concentrate on breeding new varieties with enhanced properties. The uniqueness of cotton is its comfort, which enables it to face the challenges from synthetic fibers. The relationship between the breeding origins/pedigree of cotton varieties and the comfort has not been explored heretofore. The study reported in this paper is first of its kind to investigate this relationship, which will help with breeding new varieties with improved comfort and other functionalities. Results show that breeding origin influences the comfort aspect of cotton. Moreover, statistical analysis of data show that MVTR is influenced by variations in cotton varieties that varies in their breeding origin. Data show that MVTR of a transgenic backcross cotton (Variety A) significantly varies from that of a forward cross cotton (Variety J). In addition, Variety A cotton's MVTR was the highest among all other cottons examined. Biochemical analysis of sugar indicated that among oligomers and monosaccharides, verbascose influences the MVTR indicating that the pentasaccharide verbascose may have influence on the breathability of cotton. The content and variability of verbascose for Variety J cotton was higher than those of the Variety A cotton. Lower is the content and variability of pentasaccharide, the better is the MVTR and viceversa. Cotton breeding programs have so far been aimed at enhancing the yield and the quality of cotton. The work reported in this paper has enabled a paradigm shift and has attempted to link the molecular build-up of cotton to the most important attribute of cotton, its comfort. This part of the study is preliminary and needs further thorough exploration. Such an elaborate study will open-up a new research pathway in cotton breeding for developing functional cottons.
